Inefficient muscle long-chain fatty acid (LCFA) combustion is associated with insulin resistance, but molecular links between mitochondrial fat catabolism and insulin action remain controversial. We hypothesized that plasma acylcarnitine profiling would identify distinct metabolite patterns reflective of muscle fat catabolism when comparing individuals bearing a missense G304A uncoupling protein 3 (UCP3 g/a) polymorphism to controls, because UCP3 is predominantly expressed in skeletal muscle and g/a individuals have reduced whole-body fat oxidation. MS analyses of 42 carnitine moieties in plasma samples from fasting type 2 diabetics (n = 44) and nondiabetics (n = 12) with or without the UCP3 g/a polymorphism (n = 28/ genotype: 22 diabetic, 6 nondiabetic/genotype) were conducted. Contrary to our hypothesis, genotype had a negligible impact on plasma metabolite patterns. However, a comparison of nondiabetics vs. type 2 diabetics revealed a striking increase in the concentrations of fatty acylcarnitines reflective of incomplete LCFA b-oxidation in the latter (i.e. summed C10-to C14-carnitine concentrations were~300% of controls; P = 0.004). Across all volunteers (n = 56), acetylcarnitine rose and propionylcarnitine decreased with increasing hemoglobin A1c (r = 0.544, P , 0.0001; and r = 20.308, P , 0.05, respectively) and with increasing total plasma acylcarnitine concentration. In proof-of-concept studies, we made the novel observation that C12-C14 acylcarnitines significantly stimulated nuclear factor k-B activity (up to 200% of controls) in RAW264.7 cells.
Introduction
Reduced skeletal muscle long-chain fatty acid (LCFA) 8 combustion in the fasted state and a blunted increase of carbohydrate oxidation in response to increased insulinemia have been associated with insulin resistance and type 2 diabetes mellitus (T2DM) in humans (1) . This conclusion is supported by crosslimb respiratory quotient (RQ) measurements that indicated higher RQ during fasting, an attenuated RQ response following insulin stimulation, reduced exercise-associated fat oxidation, and a more limited muscle uptake and combustion of isotopically-labeled LCFA in T2DM (2) (3) (4) (5) (6) (7) . LCFA utilization by skeletal muscle mitochondria relative to fatty acid (FA) delivery to the tissue may exacerbate intramyocellular lipid (IMCL) accumulation in nonexercise-trained individuals and IMCL content is strongly correlated with insulin resis-tance (8) (9) (10) (11) (12) (13) (14) (15) . The mechanisms that underlie dysfunctional tissue mitochondrial FA catabolism and the molecular factors that link this phenomenon to impaired insulin action remain controversial.
Most discussions of this problem have centered on perturbations of mitochondrial bioenergetics and build-up of lipidderived metabolites. For example, limited mitochondrial number, volume, or reduced tricarboxylic acid (TCA) cycle and electron transport chain capacity in muscle appear to be commonplace in insulin-resistant, first-degree insulin-resistant relatives of T2DM patients (16) (17) (18) and in obese insulin-resistant or T2DM individuals (19) (20) (21) (22) . There is evidence that cytosolic lipidderived moieties such as ceramide and diacylglyerol inhibit Vakt murine thymoma viral oncogene homolog/protein kinase B and activate protein kinase C enzymes, respectively, thereby attenuating insulin signaling, and these metabolites can increase under conditions of excess FA and lipid accumulation [for reviews, see (23, 24) ]. The importance of efficient mitochondrial FA b-oxidation in regulating muscle insulin sensitivity was highlighted by studies in which insulin-stimulated glucose uptake and glycogen synthesis improved following maneuvers that increased carnitine palmitoyltransferase-1 (CPT-1) activity in cultured muscle cells (25) . This outcome was maintained under conditions of IMCL accumulation (25) , reminiscent of what is observed in some well-trained athletes in whom muscle FA b-oxidation and insulin sensitivity are robust despite high levels of IMCL (14) . In contrast, recent studies by Muoio et al. (26) have shown that in cultured muscle cells, a higher rate of LCFA carboxyl-carbon flux toward acid-soluble metabolites corresponds to an insulin resistance phenotype. These investigators postulated that incomplete mitochondrial catabolism of LCFA in muscle leads to chain-shortened FA moieties that are involved in, or reflect, events that trigger insulin resistance, an idea supported further by their observation of higher acylcarnitine levels in muscle cells and plasma of obese/insulin-resistant rodent models and improved insulin sensitivity in fat-fed malonylCoA decarboxylase knockout mice that have more limited LCFA b-oxidation (26) . Thus, although most studies concur with the notion that muscle mitochondrial LCFA metabolism is a key regulator of insulin action, many questions remain regarding the mechanisms by which LCFA intermediary metabolism participates in this regulation.
Identification of circulating metabolites or metabolite signatures reflective of muscle LCFA combustion capacity or activity are needed to yield facile, minimally invasive tools for assessing diabetes risk, gauging efficacy of diabetes prevention and reversal interventions, and gaining insight into the connection between fat metabolism and insulin sensitivity. To date, most investigations of muscle metabolism have relied on invasive and expensive muscle biopsy enzyme and histology analyses, crossmuscle catheterization for RQ measurements, cross-limb metabolite arteriovenous level determinations, or NMR-based technologies for the assessment of muscle lipid accumulation (2, 4, 6, 9, 27) . A major challenge to identify circulating selective biomarkers of muscle FA combustion in humans is the paucity of comparative experimental models in which b-oxidation is altered exclusively or predominantly in muscle cells. A set of interesting observations regarding humans harboring an uncoupling protein 3 (UCP3) missense polymorphism allele has prompted us to consider whether metabolomics studies in this unique population will overcome this challenge. Garvey et al. (28) discovered that a significant number of Gullah-speaking African-American persons (20%) were heterozygous for a g/a polymorphism in the exon 6 splice donor site, predicted to yield a truncated UCP3 protein missing the 6 th transmembrane domain. Interestingly, in UCP3 heterozygotic (g/a) persons, the fasting RQ and nonprotein RQ values were significantly elevated relative to controls and estimated whole-body fat oxidation was reduced by~50% (28) . Considering contemporary views of UCP3 function in supporting mitochondrial FA b-oxidation (29, 30) and the muscle specificity of UCP3 expression in humans (31) , it follows that the perturbations in FA combustion resulting from this polymorphism should primarily, if not exclusively, reflect muscle lipid metabolism.
Thus, we hypothesize that humans heterozygous for the UCP3 g/a missense polymorphism will display a distinctive plasma metabolite profile indicative of reduced muscle FA oxidation compared to those without the polymorphism (g/g genotype). Studies herein leveraged "targeted metabolomics" to assay plasma concentrations of 42 individual acylcarnitines, free carnitine, and total acylcarnitine to assess genotype-related differences in a cohort of overweight to obese females with or without the UCP3 g/a polymorphism. Additional analyses evaluated acylcarnitine profile shifts specific to T2DM by comparing T2DM volunteers to nondiabetics regardless of UCP3 genotype.
Materials and Methods
Human volunteers and plasma samples Archived plasma samples derived from BMI-and age-matched overweight to obese type 2 diabetic (n = 44) and nondiabetic (n = 12) Gullahspeaking African-American women with or without a UCP3 g/a missense polymorphism were evaluated ( Table 1) . Volunteers were recruited as part of the Project SuGAR study described in detail elsewhere (32, 33) . Considering that the group studied herein is of a single sex, displays extraordinarily low genetic admixture, lives in a relatively small geographical space, and has a common dietary intake pattern, we anticipated that this group is well suited for metabolomics studies, because biological signal-to-noise should be low in terms of metabolite signatures. The Institutional Review Boards of the Medical University of South Carolina, University of Alabama at Birmingham, and the University of California, Davis approved the studies and all participants provided informed consent. Blood was obtained between~0800 and 0900 by arm venipuncture into EDTA-treated collection tubes after an overnight fast (no food or drink since 2000 the night before). A portion of whole blood was used for isolation of DNA and UCP3 genotyping as previously described (28) . Plasma was frozen at 2208C for 1-7 d before transport to 2808C freezers for longer-term storage; acylcarnitine breakdown is prevented under these conditions [(34) and C.L. Hoppel, unpublished data]. Standard plasma clinical chemistry assays included glucose and lactate (YSI 2300 Glucose-Lactate Analyzer, Yellow Springs Instrumentation), triglycerides, total cholesterol, HDL cholesterol, LDL cholesterol and VLDL (Vitos Autoanalyzer, Johnson and Johnson), and hemoglobin A1c (HbA1c; Bio-Rad Hemoglobin Analyzer). An oral 75-g glucose tolerance test was conducted for 180 min and fasting glucose and lactate values reported herein are the mean of 2 values obtained at 210 and 0 min before glucose ingestion. Volunteers were instructed to avoid any unusual activity and intentional exercise in the 3 d leading up to the study and to continue to eat their habitual diet without unusual deviations. Patients with diabetes did not take doses of oral agents on the evening before and on the morning of the study. Patients treated with insulin could take regular or rapid-acting insulin at dinner the night before the study but were instructed to withhold any intermediate-or long-acting insulin on the evening before and to avoid insulin injections on the morning of the study.
Acylcarnitine profiling
Plasma samples for metabolomics assays were thawed on ice, aliquoted, and refrozen on dry ice prior to delivery to Case Western Reserve for acylcarnitine analyses. Comprehensive analyses of acylcarnitines, free carnitine, and total acylcarnitine from 100 mL of plasma were conducted using HPLC-MS methods described in detail elsewhere (35, 36) . The limit of detection (LOD) for individual acylcarnitines using this method is 20 nmol/L with the exception of acetylcarnitine, propionylcarnitine, and valproylcarnitine at 100 nmol/L. Acylcarnitine values below the LOD were considered 0 nmol/L and were included in the calculations of mean values reported herein; thus, some reported mean values fell below the LOD.
Effect of acylcarnitines on nuclear factor k-B activation Reagents. DL-Carnitine hydrochloride, DL-decanoylcarnitine chloride (C10-carn), DL-laurylcarnitine (C12-carn), and DL-myristoylcarnitine chloride (C14-carn) were purchased from Sigma-Aldrich, lipopolysaccharide (LPS) (Escherichia coli 0111:B4; catalog no. 421/lot no. 4214A1) was from List Biological Laboratory, and all agents were dissolved in endotoxin-free water (Sigma).
Cell culture. RAW264.7 cells (a murine monocytic cell line; ATCC TIB-71) were cultured in high-glucose DMEM containing 10% (v:v) heatinactivated fetal bovine serum (Intergen), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen). Cells were maintained at 378C in a 5% CO 2 /air environment. Cells were used between the passages from 3 to 10.
Plasmid transfection and luciferase assays. (23)-Nuclear factor k-B (NFkB)-dependent luciferase reporter construct (NFkB-Luc), which contains 2 copies of the NFkB consensus-binding site that drives luciferase expression, was provided by Frank Mercurio (Signal Pharmaceuticals). pRSV-b-galactosidase plasmid was from Dr. Jongdae Lee (University of California, San Diego, CA). RAW264.7 cells were seeded at~2.5 3 10 5 / well in 24-well plates and after 24 h, cells were transiently transfected with NFkB-Luc and b-galactosidase plasmids using SuperFect transfection reagent (Qiagen) according to the manufacturer's instructions. Twenty-four hours later, groups of cells were stimulated for 15 h with vehicle control (endotoxin-free water), LPS, DL-carnitine, DL-laurylcarnitine, or DL-myristoylcarnitine as indicated in figure legends. Luciferase and b-galactosidase enzyme activities were determined using a luciferase assay system and b-galactosidase enzyme system (Promega) according to the manufacturer's instructions and luciferase activity was normalized by b-galactosidase activity to correct for transfection efficiency. Folddifferences (relative to control) in the normalized luciferase signals from treatment groups were calculated the day of each assay.
Statistical analyses
To identify differentially abundant carnitine metabolites across genotypes or in the presence or absence of T2DM, we evaluated individual plasma carnitine analyte concentrations using Mann-Whitney tests (Prism 4.03 software; GraphPad) considering the nonparametric nature of the data. Other metabolites (glucose, lactate, triglycerides, total cholesterol, HDL cholesterol, LDL cholesterol, VLDL cholesterol, and HbA1c) were compared across groups using 1-way ANOVA (Prism 4.03) and post hoc Newman-Keuls comparisons. We stratified our Mann-Whitney statistical comparisons of UCP3 genotypes into 3 parts: g/g vs. g/a comparisons regardless of diabetes status (n = 28 each genotype), g/g vs. g/a diabetics (n = 22 each genotype), and g/g vs. g/a nondiabetics (n = 6 each genotype). Diabetics were also compared to nondiabetics, regardless of genotype (n = 44 and n = 12, respectively). We used the Pearson correlation statistic to determine relationships between select metabolites, using all participant data unless otherwise noted. Treatment differences in NFkB-Luc induction were assessed by 1-way ANOVA followed by post hoc Dunnett's tests to compare treatment values to vehicle-treated control values. Results are means 6 SEM and P , 0.05 was considered significant.
Results
Participant characteristics, plasma lipids, and indicators of diabetes status. Mean body mass, BMI, and age did not differ among the diabetic or nondiabetic women with or without the g/a UCP3 missense allele (Table 1) . Plasma triglyceride, total cholesterol, HDL and LDL cholesterol, and VLDL concentrations did not differ among the groups ( Table 1) . As expected, type 2 diabetics had significantly higher fasting plasma glucose and HbA1c (Table 1 ) and concentrations of these metabolites were significantly correlated with one another (Supplemental Fig. 1A) . Diabetics also had grossly abnormal glucose tolerance during an oral glucose tolerance test (Supplemental Fig. 1B ). UCP3 genotype did not influence diabetes outcome measures (fasting glucose, oral glucose tolerance test dynamics, or HbA1c).
Plasma metabolites differing between persons harboring g/g (wild-type) and g/a (missense) UCP3 alleles. We hypothesized that relative to persons with the wild-type g/g UCP3 alleles, a dysfunctional g/a UCP3 allele would manifest in differences in fasting plasma acylcarnitine and metabolite profiles. However, just 2 genotype-related differences in circulating carnitine moieties were detected when we compared g/g and g/a volunteers. In diabetics only, plasma C12-carn was lower in g/a individuals (0.01 6 0.01 mmol/L vs. 0.03 6 0.01 mmol/L; P = 0.007) but was only detected in 3 of 22 g/a diabetics compared to 13 of 22 g/g diabetics. In nondiabetics, there was a significant genotype-related difference in plasma butyrylcarnitine (C4-carn; detected in 11 of the 12 nondiabetic volunteers), which was reduced by 57% in g/a participants (0.04 6 0.008 mmol/L) relative to those with g/g wild-type alleles (0.08 6 0.02 mmol/L). In nondiabetics, plasma lactate concentrations were 36% lower in g/a compared to g/g volunteers ( Table 1 ). The concentration in g/a diabetics tended to be lower (14%; P = 0.09) than in g/g diabetics (Table 1) .
Differentially abundant plasma carnitine metabolites in T2DM. Considering the minimal influence of genotype on acylcarnitine patterns, we turned our attention to the potential impact of T2DM on plasma acylcarnitine patterns by pooling data across genotype (n = 12 and n = 44 for nondiabetics and diabetics, respectively). Calculated total acylcarnitine values (defined as total minus free carnitine) and the total acylcarnitine: free carnitine ratio were significantly increased to 150-170% of nondiabetic levels in T2DM persons ( Table 2 ). This magnitude of increase was also observed in the total summed acylcarnitine concentration (defined as the sum of all measured individual acylcarnitines) in diabetics ( Table 2 , bottom row).
Acetylcarnitine represented the single most abundant acylcarnitine and this metabolite increased significantly in T2DM volunteers to 157% of nondiabetic levels ( Table 2 ). T2DM was also characterized by increases in the levels of the medium-chain acylcarnitines C6-carn, C8-carn, and C10-carn to~200-300% of nondiabetic concentrations and a 36% reduction in plasma propionylcarnitine concentration (Table 2) . However, the sum of the plasma C10-carn, C12-carn, and C14-carn concentrations in T2DM participants was~300% that of nondiabetic controls (see Table 2 ). Other diabetes-related plasma acylcarnitine concentration differences included: 1) a significant increase in LCFA oleoylcarnitine (to~200% of control levels; P = 0.03) and an upward trend in total summed LCFA-carnitines in T2DM (0.18 6 0.02 mmol/L vs. 0.10 6 0.02 mmol/L; P = 0.07), with the caveat that all LCFA metabolites were not detected in all volunteers; 2) the presence of suberoylcarnitine (dicarboxylic octanoylcarnitine) in 13 of 44 diabetics but in none of the nondiabetics; and 3) the detection of cis-3,4-methylenenonanoylcarnitine in 17 of 44 diabetics but none of the nondiabetics. The latter metabolite and cis-3,4-methyleneheptanoylcarnitine have been detected previously in human blood and are considered to be end-products of gut bacteriaderived metabolites that are absorbed and further processed within the liver (37) .
We next asked if acylcarnitines that differed in T2DM were associated with the degree of blood glucose control. Regression analyses revealed that acetylcarnitine levels were significantly correlated with plasma HbA1c (Fig. 1A) , suggestive of higher acetylcarnitine generation with increasing severity of diabetes. On the other hand, propionylcarnitine levels were lower in T2DM (Table 2 ) and levels were inversely correlated with HbA1c (i.e. reduced with worsening diabetes severity; r = 20.308; P , 0.05). Additional variables that were correlated with HbA1c were the calculated total plasma acylcarnitine concentrations (r = 0.377; P = 0.005) and the acyl:free carnitine ratio (r = 0.509; P , 0.0001). Total summed acylcarnitine concentrations were also correlated with HbA1c (r = 0.502; P = 0.0001).
We observed a striking relationship between relative concentrations of plasma acetylcarnitine and propionylcarnitine (as a percent of total summed acylcarnitines) and the accumulation of acylcarnitine intermediates reflective of incomplete LCFA boxidation (Fig. 1B) . Increasing concentrations of the latter were associated with progressively increasing levels of acetylcarnitine and decreasing levels of propionylcarnitine.
Activation of NFkB activity by medium-chain fatty acylcarnitine. Hwang et al. (38) (39) (40) (41) (42) (43) have shown that saturated medium-chain FA (MCFA) (C10:0, C12:0, C14:0, which can be components of the lipid A moiety of LPS) induce the proinflammatory state in cultured cells largely via increased NFkB-regulated transcriptional events and cytokine release downstream from activation of cell surface, intracellular tolllike receptors (TLR), and nucleotide-binding oligomerization domain-containing (Nod) proteins. NFkB-regulated pathways promote serine phosphorylation of insulin receptor substrate-1 and hence likely play a role in insulin resistance phenotypes [reviewed in (44, 45) ]. With this in mind, and considering the increased prevalence and overall plasma concentrations of C10-to C14-carnitines in T2DM (Table 2) , we performed a proof-ofprinciple study to evaluate whether acylcarnitines can activate NFkB in the well-established RAW264.7 cell model. As expected, LPS treatment significantly induced NFkB activity consistent with its known interaction with the TLR4 system (Fig. 2) . C12-carn and C14-carn, but not carnitine alone, also significantly activated NFkB as indicated by higher luciferase activity (Fig. 2) . The activation of NFkB pathways by acylcarnitines was not an artifact of reagent LPS contamination, because, unlike LPS preparations, acylcarnitine stocks tested negative for LPS using a limulus amebocyte lysate assay (Lonza, no. 50-647U) and acylcarnitine-induced luciferase activity was not blocked by the LPS inhibitor polymixin B (Sigma) added to RAW264.7 cells at concentrations (5 and 10 mg/L) that maximally attenuate LPS-stimulated NFkB activation (data not shown).
Discussion
Most studies support the idea that dysregulation in tissue lipid metabolism is involved in the pathogenesis of insulin resistance and T2DM, but the underlying mechanisms are not fully understood. Discovery of metabolite patterns specifically reflective of muscle LCFA catabolism should help clarify biochemical pathways linking myocellular lipid metabolism and insulin action and may provide clinically useful predictive and diagnostic biomarkers for insulin resistance and T2DM. In this study, we addressed this issue through comprehensive analysis of plasma acylcarnitines in samples derived from persons bearing a UCP3 G304A missense allele that results in abnormal UCP3 function in muscle and was previously reported to markedly reduce whole-body FA oxidation (28) . Levels and patterns of specific acylcarnitine molecules reflect tissue-level accumulation of acyl-CoA and other CoA-bound carboxylic acids, a fraction of which are transferred to carnitine via carnitine acyltransferase enzymes and transported into the blood (46) . Contrary to our expectations, there were few differences in acylcarnitine metabolites when we compared UCP3 g/g and g/a persons. Interestingly, plasma lactate concentrations were significantly reduced in g/a individuals, an outcome that might be explained by lower use of LCFA for muscle energy in g/a individuals and a greater reliance upon carbohydrate for energy. In this scenario, one would predict a decrease in the NADH:NAD+ ratio, a more limited LCFA-derived acetyl-CoA pool, and thus enhanced flow of glucose-derived pyruvate carbon into the TCA cycle via pyruvate dehydrogenase and reduced flux to lactate via lactate dehydrogenase. Further studies are required to test this model and define the tissue origin and uptake patterns of lactate and carnitine moieties in g/a compared to g/g individuals.
The reasons why more pronounced acylcarnitine shifts were not observed in g/a individuals with a dysfunctional UCP3 are unclear, because inborn errors of metabolism that disrupt FA catabolism globally manifest as markedly increased plasma and urinary concentrations of LCFA-and MCFA-carn (47) . It is possible that distinct genotype-related differences in plasma acylcarnitines will only emerge following a challenge to engage muscle LCFA combustion, such as submaximal exercise. It is also plausible that despite a lower contribution of LCFA oxidation to energy production in g/a individuals (with concomitantly higher RQ and nonprotein RQ) (28) , the relative degree of mismatch between intramitochondrial delivery of LCFA moieties to mitochondrial LCFA catabolism is similar across genotypes, preventing major genotype-related differences in acylcarnitine accumulation. Diet may also play a role, because it has been hypothesized that the UCP3 polymorphism interacts with a high-fat diet to increase risk of severe obesity (28) . Clearly, further research is required to fully elucidate the metabolic ramifications of expression of the UCP3 g/a missense allele, using broader metabolomic profiling technologies and carefully controlled exercise/diet interventions to detect potential shifts in a greater number of pathways. Contradictory reports regarding the influence of LCFA boxidation in regulating insulin action prompted us to examine plasma acylcarnitine differences between nondiabetics and T2DM samples. Some lines of research indicate that attenuated fasting muscle mitochondrial LCFA combustion (2-7) and accumulation of IMCL (8, 9, (11) (12) (13) (14) (15) are commonplace in T2DM and prediabetes. Increasing CPT-1 activity in rodent muscle cell lines improved insulin sensitivity even in the presence of LCFA and intracellular accumulation of IMCL, ceramide, and diacylglycerol (25) , whereas pharmacologic CPT-1 blockade compromised muscle insulin sensitivity in rats (10) . In contrast, other investigations have implicated inordinately high mitochondrial FA b-oxidation as a causative factor for poor insulinstimulated glucose uptake in muscle (48) . This has raised the question: "Is robust LCFA b-oxidation helpful or harmful with respect to glucose utilization in muscle?" The answer may be that it is not the rate of b-oxidation per se but rather the fate of its resulting metabolites that is important (i.e. how well does tissue and mitochondrial LCFA delivery match LCFA combustion to CO 2 ?).
Recently, Koves et al. (26) have provided evidence in rodent obesity/insulin-resistance models and cultured rodent myotubes that insulin sensitivity is compromised when mitochondrial LCFA delivery, catabolism, and TCA cycle rates become increasingly mismatched [also see (24) ]. This mismatch, or "metabolic overload," was reflected in higher serum and muscle levels of acylcarnitines of short-, medium-, and long-chain length (26) . These findings support the hypothesis that intracellular signals that are sensitive to incomplete oxidation of LCFA impact insulin signaling (24) . Our results are consistent with this view of metabolic overload as follows. First, more indices of incomplete oxidation of LCFA carbon were evident in plasma of T2DM volunteers compared to nondiabetics, because the prevalence and concentrations of C6-to C14-carnitines were increased in T2DM (Table 2) . Mö der et al. (49) have reported an increase in urinary MCFA-carn, including C6-to C10-carnitines, in T2DM patients, also consistent with incomplete LCFA combustion in diabetic tissues. Second, excess availability of LCFA relative to their mitochondrial oxidation should give rise to LCFA-carnitine accumulation reflected in blood or urine. In the few studies that have examined this, blood LCFA-carnitine levels were up to 2-fold of control values (50, 51) and even higher in urine (49) from T2DM/severely insulin-resistant individuals. Consistent with this,~100% or greater increases in the concentrations of several plasma LCFA-carnitines were observed in T2DM volunteers (Table 2) . A limitation to the current study is that the tissue sources of plasma markers of incomplete LCFA oxidation are not known and additional studies are needed to pinpoint the specific generators of these metabolites.
What is the basis for incomplete LCFA b-oxidation in T2DM tissues? One possible contributing factor is a lower mitochondrial number, volume, and reduced mitochondrial substrate oxidation capacity in T2DM tissues such as muscle (16, 17, (20) (21) (22) , which would limit total tissue capacity for TCA utilization of LCFA-derived carbon. Another contributor to this phenomenon might be diabetes-associated functional perturbations in the TCA cycle itself, independent of mitochondrial mass. This would be expected to expand tissue acetyl-CoA pools and increase conversion of the latter to acetylcarnitine via carnitine acetyltransferases and to acetate via thioesterases. Indeed, we and others (26, (49) (50) (51) have observed significantly increased plasma acetylcarnitine concentrations in T2DM and circulating acetate of endogenous origin is also increased in diabetes (52, 53) . Further support for compromised TCA cycle/respiratory function in T2DM is the markedly reduced entry of 13 Clabeled palmitate carbon into the TCA cycle of T2DM muscle (6), a 30-40% decrease in muscle TCA cycle activity in insulinresistant offspring of T2DM patients (18) , lower citrate synthase and succinate dehydrogenase enzyme activities in T2DM muscle (19, 54) , and evidence for increased blood pyruvate levels in T2DM (55, 56) . Notably, increased blood and urinary acetylcarnitine levels are a hallmark of inborn errors of metabolism in which propionyl-CoA anaplerosis (replenishment of TCA cycle intermediates) is disrupted vis a vis dysfunctional propionylCoA carboxylase or methylmalonyl-CoA mutase (57) . We report a significant reduction in the plasma concentration of propionylcarnitine in T2DM and our novel results indicate that increasing plasma markers of incomplete LCFA b-oxidation are associated with rising plasma acetylcarnitine concentrations concurrent with reduced propionylcarnitine levels. This raises the intriguing possibility that a diabetes-associated decrease in tissue pools of anaplerotic propionyl-CoA limits the generation of TCA cycle intermediates and thus impacts oxidative disposal of acetyl-CoA and LCFA-CoA in mitochondria. Such a theory is consistent with a recent report of significantly lower TCA cycle intermediate levels in muscle of obese insulin-resistant rodents (26) . Stimulation of anaplerosis has been proposed to explain the therapeutic benefit of propionylcarnitine in improving diabetic heart and muscle metabolism (58) , and propionate and odd-chain fatty acids markedly reduced acetyl-CoA and acetylcarnitine levels in acetate-perfused rat hearts (59) . Further studies will be required to evaluate if changes in tissue propionyl-CoA generation (i.e. from branched-chain amino acid catabolism) occur in the diabetic state and to understand if this modulates TCA cycle activity and accumulation of acylcarnitines.
Despite growing evidence in T2DM for dysregulated mitochondrial function and incomplete LCFA combustion, the molecular links between these processes and insulin signaling pathways remain unresolved. We provide novel evidence that acylcarnitine by-products of incomplete LCFA b-oxidation can stimulate proinflammatory NFkB-associated pathways. Our proof-of-principle studies were prompted by observations that NFkB is a downstream target of TLR2, TLR4, and Nod, and these factors can be powerfully activated by saturated MCFA (38) (39) (40) (41) (42) (43) . Because proinflammatory/NFkBrelated events in immune cells and tissues are implicated in promoting insulin resistance [reviewed in (44, 45) ; also see (60, 61) ], our finding that MCFA carnitines activate NFkB raises the intriguing possibility that excessive local tissue accumulation of such by-products can attenuate insulin signaling. More research is warranted to determine the mechanisms by which acylcarnitines activate NFkB (i.e. the roles of TLR and NOD), to assess if acylcarnitines inhibit insulin action, and to evaluate the acylcarnitine metabolite concentrations circa tissues for which NFkB plays a role in regulating insulin sensitivity.
Comprehensive plasma acylcarnitine profiles in T2DM have revealed elevated circulating markers of incomplete LCFA catabolism and of acetylcarnitine, together with lower levels of propionylcarnitine. Because person-to-person differences in plasma acetylcarnitine and propionylcarnitine were correlated with HbA1c, these metabolites appear to be sensitive indicators of biochemical pathways that are responsive to, or underlie, the severity of diabetes and long-term blood sugar control. Our results support a working model for T2DM tissues (Fig. 3) in which limited TCA cycle activity relative to mitochondrial fuel delivery contributes to inefficient LCFA b-oxidation, in turn promoting accumulation of acylcarnitine by-products that activate NFkB-associated pathways to inhibit insulin action. This working model provides a basis for future hypothesis-testing regarding the roles of FIGURE 3 Working model of tissue metabolism in T2DM and potential links between the TCA cycle, fatty acid metabolism, acylcarnitines, and insulin resistance. Considering results from the current experiments and literature reports, a unifying model was devised to illustrate metabolic and inflammatory events that may take place under diabetic conditions. This hypothetical paradigm proposes that in type 2 diabetic tissues, there is: 1) an inadequate capacity of the TCA relative to fuel delivery, due in part to reduced anaplerotic propionyl-CoA pools reflected in lower propionylcarnitine levels; 2) mismatched acetyl-CoA generation vs. entry into the TCA cycle, leading to accumulation of mitochondrial acetyl-CoA and hence increased acetylcarnitine generation via carnitine acyltransferase (CAT) activity (specifically, carnitine acetyltransferase); 3) incomplete LCFA catabolism and accumulation of chainshortened acyl-CoA moieties that serve as substrates for CAT, with subsequent generation of medium-chain acylcarnitines. Thioesterases (THEA) might also act on acyl-CoA to increase free MCFA generation; 4) entry of a fraction of MCFA-carn into the bloodstream/extracellular space surrounding affected tissue; and 5) activation of proinflammatory NFkB through cell-surface TLR or other mechanisms, in turn promoting local or systemic insulin resistance.
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